We analyse new genomic data (0.05-2.95x) from 14 ancient individuals from Portugal distributed from the Middle Neolithic (4200-3500 BC) to the Middle Bronze Age (1740-1430 BC) and impute genomewide diploid genotypes in these together with published ancient Eurasians. While discontinuity is evident in the transition to agriculture across the region, sensitive haplotype-based analyses suggest a significant degree of local hunter-gatherer contribution to later Iberian Neolithic populations. A more subtle genetic influx is also apparent in the Bronze Age, detectable from analyses including haplotype sharing with both ancient and modern genomes, D-statistics and Y-chromosome 2 lineages. However, the limited nature of this introgression contrasts with the major
Introduction
Ancient genomics, through direct sampling of the past, has allowed an unprecedented parsing of the threads of European ancestry. Most strikingly, longitudinal studies of genomewide variation have revealed that two major technological innovations in prehistory, agriculture and metallurgy, were associated with profound population change [1] [2] [3] [4] [5] . These findings firmly address the longstanding archaeological controversy over the respective roles of migration, acculturation and independent innovation at such horizons; migration clearly played a key role. However, this may not be universal and genomes from several important European regions and time periods remain unexamined. In particular, at the southwestern edge of Europe several aspects of the archaeology suggest that some querying of the emerging paradigm is necessary.
First, whereas dating and similarity of the Portuguese Neolithic sites to other Mediterranean regions point to a rapid spread of agriculture at around 5500 BC [6] , local Mesolithic communities were sedentary, dense and innovative -producing, along with Brittany, the earliest Megalithic tradition [7] . These groups persisted for at least 500 years after the onset of the Neolithic [8] .
Second, in the transition to metallurgy, the Tagus estuary region of Portugal was a source for innovation. The distinctive Maritime Beaker, a key component of the Bell Beaker Package, characterised by grave goods including copper daggers and archery equipment first emerged there during the first half of the 3rd millennium BC. The Beaker package subsequently spread through Western Europe, where it is thought to have met and hybridized with the Steppe-derived Corded Ware or Single-Grave culture [9, 10] 
. It remains an open question whether the influx of Steppe ancestry into North and Central
Europe [4, 5, 11] associated with Corded Ware, also had a third millennium impact in Iberia.
Third, modern Iberia has a unique diversity of language with the persistence of a language of pre-Indo European origin in the Basque region. Interestingly, the population of Euskera speakers shows one of the maximal frequencies (87.1%) for the Y-chromosome variant, R1b-M269 [12] , which is carried at high frequency into Northern Europe by the Late Neolithic/Bronze Age steppe migrations [4, 5, 13] , although its arrival time in Iberia remains unknown.
In order to investigate the nature of cultural progression at Europe's south Atlantic edge we analyse genomes from 14 ancient Portuguese samples from the Middle Neolithic through to the Middle Bronze Age (4200-1430 BC). For broader context we also impute genomewide diploid genotypes in these and other ancient Eurasians and investigate ancient population structure and examine temporal change in individual height.
Results
Ancient DNA extraction, sequencing and authenticity DNA was extracted from the dense portions of fourteen petrous bones [3] Genomic coverage obtained was between 0.05x-2.95x and endogenous DNA estimates ranged from 5.6% to 70.2% (Table 1) . Data authenticity was attested to by post-mortem deamination at the end of reads (S2 Text, S2 Fig) and low contamination estimates; Xchromosomes in males gave an average of 1.3% (0-2.3%) (S1 Table, S2 Table) and mtDNA 1.07% (0-1.71%) (S4 Table) . Samples belonging to the Copper Age and subsequent time periods in Russia showed strong stratification, with previous insights into ancient population structure in the steppe Interestingly, modern Basque populations have this variant at high frequency (87.1%) [12] .
ADMIXTURE analysis and D-Statistics. ADMIXTURE analysis of the Portuguese with
a wider array of modern and ancient samples was possible using pseudo-diploid calls and allowed us to visualise the temporal and geographical distribution of the major European ancestral components (Fig 4) . Table) . Interestingly, the CHG component in ADMIXTURE is present in modern-day Spaniards and to a lesser extent in the Basque population. 
Polygenic risk score analysis of height in ancient samples
Height can be expected to give the most reliable predictions due its strong heritability and massive scale of genome wide association studies; the GIANT consortium has estimated 60% of genetic variation as described by common variants [27] . Using the imputed data of >500 thousand diploid SNP calls [27] we combined genetic effects across the whole genome to estimate this phenotype in individuals. 
Extended Haplotype Homozygosity
The role of positive selection in shaping diversity at specific loci in European populations has been of enduring interest and thus we tested whether our imputed genomes could directly reveal the imprint of adaptation in the past. For this we used the extended haplotype homozygosity method [28] with the six loci related to diet and pigmentation highlighted in the analysis by [24] : LCT (rs4988235), SLC24A5
(rs1426654), SLC45A2 (rs16891982), HERC2 (rs12913832), EDAR (rs3827760) and FADS1 (rs174546) (S8 Text, S32 Fig) . Two of these, LCT and FADS1 showed strong signals consistent with selective sweeps; homozygous haplotypes that are longer than those surrounding the derived selected allele and that are also markedly longer than those observed in modern populations (Fig 6) . The selective sweep signal for LCT (driven by adaptation to a dietary reliance on raw milk) appears in the Bronze Age and that associated with FADS1 shows first in the Neolithic sample, supporting that this may be a response to changes in the spectrum of fatty acid intake afforded after the transition to an agricultural diet [29] . 
Imputation of ancient European genomes sequenced to 1x coverage has been shown to
give diploid genotypes at ~99% accuracy [3] . However, that work used more limited data, 169 predictive loci, and predicted at a population rather than individual level using a minimum of only two chromosomes called per SNP [24] . Genetic height increases through the Bronze Age are further influenced by Yamnaya introgression and continue through to a series of early Britons sampled from the early centuries AD. Within this time frame, the genetically tallest individual is an Anglo-Saxon from Yorkshire, followed by a Nordic Iron Age sample. . Iberia is unusual in harbouring a surviving pre-Indo-European language, Euskera, and inscription evidence at the dawn of history suggests that pre-IndoEuropean speech prevailed over a majority of its eastern territory with Celtic-related language emerging in the west [39] . Our results showing that predominantly Anatolianderived ancestry in the Neolithic extended to the Atlantic edge strengthen the suggestion that Euskara is unlikely to be a Mesolithic remnant [17, 18] . Also our observed definite, but limited, Bronze Age influx resonates with the incomplete IndoEuropean linguistic conversion on the peninsula, although there are subsequent genetic changes in Iberia and defining a horizon for language shift is not yet possible. This contrasts with northern Europe which both lacks evidence for earlier language strata and experienced a more profound Bronze Age migration.
Material and Methods

Ancient DNA sampling, extractions and sequencing
All ancient DNA (aDNA) work was done in clean-room facilities exclusively dedicated to this purpose at the Smurfit Institute, Trinity College Dublin, Ireland. We extracted DNA from ~100 mg of temporal bone samples belonging to 14 samples from 8 archaeological sites in Portugal ranging from the Mid Neolithic to the Mid Bronze Age in Portugal (S1 Text) using a silica-column-based method [40] with modifications [41] . We incorporated DNA fragments into NGS libraries using the library preparation method described in [42] and amplified these with 2-4 different indexing primers per samples and purified 
Read processing and analysis
We used Cutadapt v. 1.3 [43] to trim NGS read adapters and aligned reads to the human reference genome (UCSC hg19) and mtDNA (rCRS, NC_012920.1) with the Burrows-Wheeler Aligner (BWA) v.0.7.5a-r405 [44] , filtering by base quality 15, removing PCR duplicates and reads with mapping quality inferior to 30 using SAMtools v.0.1.19-44428cd [45] . We estimated genomic coverage with Qualimap v2.2 [46] using default parameters (S2 Text).
Contamination Estimates and Authenticity
In order to assess the level of contamination in ancient samples, we considered the number of mismatches in mtDNA haplotype defining mutations and determined the number of X-chromosome polymorphisms in male samples (S2 Text) [47] . We analysed aligned reads using mapDamage v2.0 [48] to inspect patterns of aDNA misincorporations, which confirm the authenticity of our data.
Sex determination and uniparental lineage determination
We used the method published in reference [49] to determine the sex of the ancient individuals (S2 Text, S3 Fig) . Y-chromosome lineages of ancient male samples were identified using Y-haplo software [50] (https://github.com/23andMe/yhaplo, S4 Table) .
For mtDNA analysis, reads were separately aligned to the revised Cambridge Reference Sequence (rCRS; NC_012920.1) [51] , filtering for base (q ≥ 20) and mapping (q ≥ 30) quality and duplicate reads as above. mtDNA haplogroups were identified using mtDNA-server (http://mtdna-server.uibk.ac.at/start.html, with default parameters.
Comparison with modern and ancient individuals
Smartpca version 10210 from EIGENSOFT [52, 53] ADMIXTURE was run for all ancestral population numbers from K=2 to K=15, with cross-validation enabled (--cv flag), and replicated for 40 times. The results for the best of these replicates for each value of K, i.e. those with the highest log likelihood, were extremely close to those presented in [11] . The lowest median CV error was obtained for K=10.
D-statistics
Formal tests of admixture were implemented using D-statistics [59] and F-statistics [60, 61] using the AdmixTools package (version 4.1) (Patterson 2012). These were carried out on WGS ancient data only, using autosomal biallelic transversions from the 1000 Genomes phase 3 release (S4 Text, S5 and S6 Table) .
Genotype Imputation
We selected for genotype imputation all published samples that had been sequenced by whole-genome shotgun sequencing and for which coverage is above 0.75X, including 4 ancient individuals downsampled to 2X which were included for estimating accuracy.
Within these were called ~77.8 million variants present in the 1000 Genomes dataset using Genome Analysis Toolkit (GATK) [62] , removing potential deamination calls.
These were used as input by BEAGLE 4.0 [63] which phased and imputed the data (S5 Text, S7 Table) . This resulted in a VCF file with approximately 30 M SNPs.
fineSTRUCTURE analyses
In analysis I (Fig 1) http://www.paintmychromosomes.com/ and created a recombination map with "makeuniformrecfile.pl". We then split the dataset by chromosome with vcftools and ran CHROMOPAINTER and fineSTRUCTURE v2 [23] with the following parameters:
3,000,000 burn-in iterations, 1,000,000 MCMC iterations, keeping every 100 th sample. 
Polygenic traits in ancient samples
Genetic scores for polygenic traits including height [27] , pigmentation [65] , Anthropometric BMI [66] and T2D [67] in 67 ancient samples were estimated using PLINK [68] using the --score flag. Odds ratio in the T2D summary statistics [67] were converted to effect size by taking the logarithm of OR/1.81 [69] . In our analyses, we In order to investigate the correlation between ancient ancestry in present-day populations and height genetic scores, we first calculated polygenic risk in Eurasian populations from the Human Origins dataset. This was followed by the estimation of the percentage ancestry of five distinct ancient populations (EHG, CHG, WHG, Yamnaya, Anatolian Neolithic) in the same dataset, which was done through the implementation of the F4 ratio method described in [61] using the Admixtools package (version 4.1). Two individuals possessing the highest genomic coverage from each population were used in the test, which took the form f4(Mbuti, Ancient_Ind1; Modern_WEurasinan, Dai)/f4(Mbuti, Ancient_Ind1; Ancient_Ind2, Dai) (S8 Table) .
Extended Haplotype Homozygosity analysis
We used Selscan [70] Red -increased genetic height scores, black -decreased genetic height. Broadly, hunter-gatherers and populations from Copper age and after present highest proportion of height increasing associated variants followed by Neolithic farmers.
S29 Fig -Polygenic scores for pigmentation based on the SNPs reported in (94).
SNPs with posterior genotype probability of less than 0.99 were excluded from analysis. 
